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PARTICLE SEPARATION SYSTEM USING
PARALLEL MULTISTAGE ELECTROSTATIC
SEPARATORS

chamber(s) having one or more elongate electric ?eld Zones

Which are capable of handling relatively high ?oW velocities
to alloW for an increase in the amount of the particle mixture

processed per unit of cross-sectional area; and/or (3)
includes a plurality of separators arranged in parallel to
ensure that the particle species are fully separated in a single
pass to improve operating ef?ciency and greatly increase the
amount of the particle mixture processed in a given time

TECHNICAL FIELD

The present invention relates generally to the material
separation art and, more particularly, to a particle separation
system that uses a plurality of multistage separators in

period.

parallel to simultaneously separate tWo species of particles
in a highly effective and ef?cient manner.

10

SUMMARY OF THE INVENTION

Accordingly, it is a primary object of the present invention
to provide an improved apparatus for electrostatically sepa
rating tWo species of particles from a particle mixture that

BACKGROUND OF THE INVENTION

Various types of apparatus for removing particles from a
dry ?uid ?oW using electrostatic separation techniques are
Well knoWn in the art. An early example of such an apparatus
is shoWn in US. Pat. No. 3,493,109 to Carta et al., the
operation and limitations of Which are described in detail in
commonly assigned US. Pat. No. 5,755,333 to Stencel et al.,

issued May 26, 1998. Generally speaking, the Carta et al.
patent relies upon turbulent How and particle-Wall contact in

15

Another object of the present invention is to provide a

particle separation system including a single distributor for
20

the separation chamber to electrostatically charge the par
ticles. The particles are then draWn from the How by opposed

electrically conductive plates having opposite polarities.
While the apparatus proposed in the Carta et al. reference
is someWhat effective for separating particles having a
selected charge from a particle mixture, several signi?cant

25

an electrostatic separation apparatus having one or more

that each use curtain gas ?oWs to collect selected charged
particles draWn from a particle mixture by an electric ?eld
30

in a separation chamber, Whereby after passing the particle
mixture through said multiple separation stages, tWo distinct
and substantially pure species of particles are fully recov

promotes turbulent How in the separation chamber, Which

ered.
Yet another object of the present invention is to provide an

can alloW deleterious re-mixing of the particles to occur

after separation. As should be appreciated, this reduces
ef?ciency to the point that several cycles or passes through
the apparatus may be required to achieve separation. In

simultaneously supplying a particle mixture to a plurality of
parallel separators having at least one separation stage and
forming an electrostatic separation apparatus, Whereby tWo
distinct and substantially pure particle species are recovered
from said apparatus.
Still another object of the present invention is to provide

separators that include multiple separation stages in series

limitations remain. For instance, no effective means is
disclosed to ensure that once separated, the selected particles

Will be directed to the appropriate collection device. To the
contrary, the apparatus disclosed in the Carta et al. patent

overcomes the above-identi?ed limitations and shortcom

ings of the prior art.

35

electrostatic separator that is adapted to straighten the par
ticle mixture and curtain gas ?oWs to reduce turbulence in

addition to reducing ef?ciency, multiple passes signi?cantly

the separation chamber and improve separation ef?ciency.

increase the particle abrasion to Which the Wall of the
40

A further object of the present invention is to provide an
electrostatic separator having a separation chamber divided
into ?rst and second separation subchambers each having an
electric ?eld Zone for simultaneously separating selected
charged particles from a stream of a particle mixture ?oW.
Still a further object of the present invention is to provide

45

separator that effectively separates higher feed rates of a

apparatus is subjected thereby reducing the service life of
the separator.
In an effort to overcome this shortcoming, commonly

assigned US. patent application Ser. No. 08/726,255,
entitled “Apparatus and Method for Triboelectrostatic

Separation,” proposes an improved apparatus for separating
tWo species of particles from a particle mixture With greater
ef?ciency and effectiveness by using a curtain gas How to

a modular separation stage for use alone or in a multistage

particle mixture per unit of cross-sectional area of the

separator than heretofore possible.
Additional objects, advantages and other novel features of

carry the selected particles draWn from the mixture to a

collector for recovery. Similar to the apparatus proposed in
the Carta et al. patent, separation is effected through the use
of oppositely charged conductor plates connected to a vari

50

able voltage source. The charged plates attract oppositely
charged particles aWay from the mixture and toWards the
sideWalls of the separation chamber. The curtain gas ?oW
(Which is initially devoid of particles) is then introduced into
the separation chamber to provide the cleaning action nec

55

essary to remove or sWeep the particles from the plates for
recovery.

While this apparatus is effective for separating tWo par
ticle species from a particle mixture, it should be appreciated
that further improvements in separation effectiveness and
operational ef?ciency are still possible. More speci?cally,

pointed out in the appended claims.
To achieve the foregoing and other objects, and in accor
dance With the purposes of the present invention as

described herein, a particle separation system is described
that includes an electrostatic separation apparatus. In the
60

broadest aspects of the invention, the electrostatic separation
apparatus includes one or more parallel separators having at
least one, and preferably a plurality of modular electrostatic

there is a need for an electrostatic separation apparatus that:

separation stages. Each stage is designed to handle a higher
feed rate of a particle mixture ?oW than previously possible

(1) reduces turbulence in the separation chamber(s) to
ensure that more selected particles are separated from the

particle mixture and collected for recovery; (2) includes

the invention Will be set forth in part in the description that
folloWs and in part Will become apparent to those skilled in
the art upon examination of the folloWing or may be learned
With the practice of the invention. The objects and advan
tages of the invention may be realiZed and obtained by
means of the instrumentalities and combinations particularly

65

by handling a relatively high ?oW velocity (>10 m/s) and

separators having one or more relatively compact modular

having separation chamber(s) With greater horiZontal cross

separation stages that each include a pair of separation

sectional areas. Dual simultaneous processing of the particle

US 6,323,451 B1
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mixture How in each stage is also made possible by a center
partition that divides the separation stage itself in tWo. This
partition thus creates dual streams of the particle mixture for
delivery to ?rst and second subchambers in each separation
stage. Each subchamber includes a relatively short and
narroW electric ?eld Zone created by pairs of elongate

a pair of curtain gas inlets supply a curtain gas How to the
?rst and second separation subchambers. The inlets are

separated from the channels forming the inlets by a pair of
outer partitions, Which are actually the outer Walls of the

inlet channels. Upon exiting the curtain gas inlet, the How of
curtain gas enters the respective subchamber, entrains the
particles draWn from the mixture toWard the outer conductor

parallel conductor plates. Selected charged particles draWn
from the mixture in each subchamber by the electric ?eld are
entrained by a curtain gas and carried aWay for recovery,

plates, and carries them to a ?rst collector associated With

each separation subchamber for recovery.
To improve separation efficiency, each curtain gas inlet

While the remaining dual streams of particle How are passed
on to the next-in-line separation stage for further processing.

preferably terminates in the same horiZontal plane as the
channels formed in the particle mixture ?oW inlet and is
provided with How straighteners. This ensures that the

Advantageously, by simultaneously processing dual streams
in a rapid fashion through multiple stages, a high feed rate
is achieved. Even though each stage may only remove a

small percentage of the selected charged particles because of
the relatively short and narroW separation Zone, separation

15

curtain gas entering each separation subchamber is smooth
and substantially parallel to the particle mixture ?oW exiting
each channel. Advantageously, the smooth, parallel ?oWs of

ef?ciency is not compromised because of the use of a large

the particle mixture and curtain gas keep turbulence at a

horiZontal cross sectional area and processing across mul

minimum and improve the separation ef?ciency in each

tiple stages. In effect, each stage merely “skims” a small
percentage of the selected charged particles from the mix
ture. Thus, by simultaneously passing a particle mixture
?oW through a plurality of the multistage particle separators
of the present invention arranged in parallel, the overall

subchamber. Additionally, the ?oWs of the curtain gas are
preferably metered to ensure that they can be controlled

relative to the particle mixture ?oW upon entering the
separation subchambers. As should be appreciated, the
parallel, smooth ?oWs and matched velocities can prevent

amount of particle mixture passed through the separation
apparatus in a given time period can be greatly increased.

Preferably, each modular separation stage is rectangular

deleterious re-mixing of the separated particle species
25

entrained in the curtain gas and those remaining in the

particle ?oW after separation. Moreover, this How pattern

in shape having a narroW Width, relatively short length, and

ensures that each curtain gas ?oW remains effective in

a long depth or transverse dimension. Each stage includes at
its uppermost portion a ?rst inlet that receives a particle
mixture entrained in a dry driving ?uid, such as air, from an

carrying aWay the selected charged particles draWn from the

inlet header or feeder line connected to a distributor or

particle mixture by the electric ?eld Zones in each subcham
ber to the respective collectors for recovery.
As noted above, a ?rst pair of collectors is provided for

distribution manifold. The distributor/distribution manifold,
inlet header, and the uppermost portion of the inlet all
encourage turbulent ?oW, Which promotes particle-particle
and particle-Wall contact that generates a differential charge
on the tWo constituent species of particles present in the
mixture prior to delivery to the separation chamber.
The doWnstream portion of the ?rst inlet is divided into

curtain gas. One of the pair of collectors is associated With
each separation subchamber and is preferably an elongate,
tube-like structure that extends along the separation stage
and into a ?rst collection manifold. In the preferred
embodiment, the ?rst collection manifold discharges the
recovered selected charged particles to a transition tube that

recovering the selected charged particles entrained in the

35

tWo channels by a center partition. The center partition
serves to divide the particle mixture ?oW such that each of
the channels receive a separate stream of the ?oW. The

transition outlet doWnstream of the ?rst separation stage

channels preferably have identical cross-sectional con?gu

?rst separation stage to a next-in-line modular separation

rations and dimensions, and most preferably are at least 4
inches in length and are relatively narroW. Such a construc
tion tends to reduce and/or eliminate any large scale turbu

carries them to a ?rst collection device for recovery. A

delivers the particle ?oW remaining after passing through the
stage, or alternatively, to either a recycle line or a second
45

lence created upstream in the inlet or during delivery of the
particle mixture to the inlet.
DoWnstream of the channels is a separation chamber that
is also divided into ?rst and second subchambers by the

collection device if further separation is unnecessary or
undesired.
In accordance With a more speci?c object of the present

invention, a plurality of the modular separation stages of the
type described above may be included in each separator.

More speci?cally, the particle ?oW remaining after the
selected charged particles are recovered in the ?rst separa
tion stage is delivered through the transition outlet to a

center partition. Each subchamber includes an electric ?eld

Zone for draWing particles having a selected charge from the
particle mixture ?oW. Speci?cally, a center conductor plate

second separation stage. The second separation stage

is provided on or forms a part of the center partition and
parallel plate-like conductors are provided in or on the outer

includes a second inlet that is also divided into a pair of
channels by a second center partition. Each channel receives

Walls of each separation subchamber. Each of the plates is
elongate and extends the entire depth of the separation stage.
The center and outer parallel plates are maintained at voltage

55

the remaining particle ?oW exiting from the upstream
subchamber, Which may still contain selected charged par
ticles not separated and carried aWay as the How passed

through the ?rst separation stage. Preferably, as With the ?rst

potentials so as to create a uniform electric ?eld Zone. The

dual leads of a voltage source are connected to the conductor

separation stage, the channels are relatively long (four

plates to control the polarity of the voltage applied to each.

inches or greater) and narroW, thereby serving to straighten
and smooth the particle ?oW as it passes therethrough.
Upon exiting the second inlet, the particle ?oW enters a

A variable voltage source may also be used to permit

adjustments to be made to the magnitude of the voltage
supplied to each conductor plate.
To remove or sWeep the selected charged particles draWn
from the particle mixture by the electric ?eld Zone in each
subchamber and toWards the outer conductor plates, a How

of curtain gas is provided for each subchamber. Speci?cally,

65

second separation chamber divided by a second center
partition into ?rst and second subchambers. In the preferred
embodiment, the upper portion of the second center partition
includes a notch that inter?ts With a projection on the loWer

portion of the ?rst center partition to interconnect the

US 6,323,451 B1
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modular stages. Each subchamber forming the second sepa

separator Which may include one or more stages. Ideally, the

ration chamber includes a second electric ?eld Zone for

particle mixture is introduced from the distribution manifold

drawing any remaining selected charged particles from the
remaining particle ?oW. The second separation chamber may

into each inlet header in a turbulent fashion to induce

particle-particle and particle-side Wall contact Which creates
the differential charging of the tWo particle species that is

be substantially identical in construction to the ?rst separa
tion chamber, such that the second electric ?eld Zone is

bene?cial for particle separation.

created by parallel spaced conductor plates associated With

As noted above, each separator in the apparatus includes

each separation subchamber and one or a pair of center

one or more separation stages, each having a pair of collec

conductor plates.

tors for the particle species recovered during separation. The

To carry aWay the selected charged particles draWn from
the remaining particle How in the second separation stage, a
second curtain gas inlet is provided for each of the sub
chambers. Similar to the ?rst separation stage, ?oW straight

collectors associated With each stage feed to a separate
collection manifold in communication With a collection

device. Depending on the particular species of particles
extracted by each pair of collectors, the collection manifold

eners are positioned in the second curtain gas inlets to ensure

that the second curtain gas ?oWs remain substantially par
allel to a vertical axis of the separation chamber prior to

15

associated With each stage may be in communication With a
transition tube Which also receives ?oW from manifolds in
communication With the pairs of collectors of other separa

tion stages.

entering the respective second separation subchambers.

Yet another more speci?c aspect of the invention is to

Also, a second pair of outer partitions, Which are actually the
outer Walls of the second inlet, keeps the particle How and
curtain gas ?oWs separated.
The second curtain gas ?oWs entrain and carry the

include the plurality of electrostatic multistage separators,
the distribution manifold and the collection manifolds form

ing the separation apparatus in a particle separation system.

selected charged particles removed by the second electric

In the preferred embodiment, the system includes a driving

?eld Zones to a pair of second collectors associated With

?uid source, such as a forced draft fan for bloWing ambient

each subchamber for recovery. Preferably, the species of
particles collected in the second pair of collectors are the
same species that Were removed in the ?rst separation stage
and carried aWay in the ?rst collectors. Thus, the second pair

air into a feed line supplying the distributor. The driving
25

?uid source is positioned upstream of the distributor and an
induction source, such as an induced draft fan, is provided
doWnstream of the ?rst and second collection bins to draW

of collectors are connected to a second collection manifold

the driving ?uid through the system. A feeder is provided in

to deliver the particles to the same transition tube and

?uid communication With the forced draft fan for supplying
the particle mixture to the distribution manifold, Which
assists in charging the particle mixture and then supplies a
portion of the mixture to each of a plurality of electrostatic

eventually to the ?rst collection device. Alternatively, the
pair of collectors associated With the second separation stage
may be closed off if it is deemed that further processing is
unnecessary, but the dismantling of the second or subsequent
stages is not desired.
As should be appreciated, a third modular separation
stage similar in operation to the ?rst and second stages
described above may form a part of each electrostatic
separator. Furthermore, each separator may include more

35

than three separation stages arranged serially, depending on
the types of particles being separated, the How rate, the

separators of the type described above. Each separator
includes at least one, and preferably a plurality of, separation
stages of the type described above. Thus, each stage has a
collector associated With each separation subchamber, but
parallel stages may share common collectors. The collectors
associated With each stage or parallel stages discharge the
collected particles to separate collection manifolds, While
the particle ?oW exiting the last-in-line separator is dis
charged through a terminal outlet to a ?nal collection
manifold. The collection manifolds in turn discharge the

charges created on the particles, and other parameters. The
modular design of each separation stage alloWs for easy

separated particle species to ?rst and second collection

assembly/disassembly to add or remove stages as may be
devices, such as cyclone separators or the like for particle
necessary or desired.
45 recovery. The ?rst and second collection devices are in ?uid

Preferably, the last separation stage in the separator

communication With the doWnstream induced draft fan to

includes a terminal outlet for discharging the particle ?oW

draW the driving ?uid, the particle mixture, and the particle
?oWs through the plurality of electrostatic separators and

remaining after the selected charged particles are fully
removed to a ?nal collection manifold that carries the
particles on to a second collection device. Of course, this

eventually to the appropriate collection device for purposes
of particle recovery.
Still other objects of the present invention Will become

How should be a substantially pure, commercially accept

able product consisting of only a single species of particles.
Thus, after processing the particle mixture through the
multistage separator, the result is preferably a single species
of particles held in the ?rst collection device and a second

apparent to those skilled in this art from the folloWing
description Wherein there is shoWn and described a preferred

embodiment of this invention, simply by Way of illustration
55

species of particles held in the second collection device.

it Will be realiZed, the invention is capable of other different

In accordance With another more speci?c aspect of the

embodiments and its several details are capable of modi?

present invention, a plurality of the electrostatic separators

cation in various, obvious aspects all Without departing from

having one or more of the modular separation stages

the invention. Accordingly, the draWings and descriptions

described above may be aligned in a parallel con?guration
along the distribution manifold and fed thereby to form a

Will be regarded as illustrative in nature and not as restric

tive.

separation apparatus. Advantageously, this alloWs simulta

BRIEF DESCRIPTION OF THE DRAWINGS

neous separation to occur among multiple separators, Which

The accompanying draWings incorporated in and forming

further enhances operational ef?ciency. In the preferred
embodiment, the distribution manifold includes a plurality
of discharge ports each corresponding to an inlet header/
feeder line above the ?rst inlet of an individual electrostatic

of one of the modes best suited to carry out the invention. As

65

a part of the speci?cation, illustrate several aspects of the
present invention and, together With the description, serve to
explain the principles of the invention. In the draWings:

US 6,323,451 B1
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FIG. 1 is a schematic representation of the particle sepa

separators 10, 11 are provided (see FIG. 1), or to a distri
bution manifold 12 Where multiple pairs of separators are

ration system including a separation apparatus comprised of
a plurality of multistage electrostatic separators in parallel;

provided in parallel (see FIGS. 4 and 5). The feeder line 20
is primarily Where the particle mixture becomes tribo
charged prior to entering the individual separators 10. As is

FIG. 2a is a side vieW of a single modular separation

stage;

knoWn in the art, the extent to Which the particle mixture is
tribocharged depends on the How behavior Within this feeder
line 20. Preferably, to enhance tribocharging, the How is

FIG. 2b is a cross-sectional side vieW of a single modular

separation stage;
FIG. 2c is a cross-sectional side vieW of tWo intercon

nected modular separation stages;
FIG. 3 is a partially schematic, cutaWay cross-sectional

10

side vieW of a multistage separator including ?rst, second,
and third modular separation stages in series;

lined With an appropriate dielectric material of a type knoWn

FIG. 4 is a schematic side vieW similar to FIG. 1, but

illustrating several of the multistage separators in parallel

15

along a single distribution manifold and in communication
With ?rst, second and third collection manifolds for recov
ering a ?rst species of particles once separated and a fourth

of separators 10a . . . 1011, Ha . . . lln are provided in

discharge ports connected to inlet headers 24a . . . 2411 that
20

FIG. 5 is a schematic top vieW similar to FIG. 4, illus

munication With the inlet headers 24 of both separators 10,
11, in a manner similar to that shoWn in draWing FIGS. 4 and
25

30

separation system S including an electrostatic separation

then either the cross sectional area of the separator 10

apparatus A having one or more electrostatic separators 10.
35

40

physically mixed in soils or other materials and ceramics

needed for a high feed rate may become excessively large or
the cost/ton to process the particle mixture Would be uneco
nomical.
Referring noW to FIG. 3, each header 24 delivers the
differentially charged particle mixture to a ?rst inlet 26 that
forms a part of the ?rst separation stage 28 of each separator
10, 11 or 10a . . . 1011, Ha . . . lln. As illustrated, the inlet

contained in mixtures of ceramics, metals or organic poly

headers 24 introduce the particle mixture from the top of the
separator 10 or parallel to its axis of symmetry.

mers. In all cases, the terms “?ne siZed” or “?nely ground”

refer to particles having physical diameters in the range of
500 pm to approximately 0 pm and preferably, a diameter
smaller than 75 pm. It should be appreciated that the

course, higher velocities impart greater differential charging
of the particles by tribocharging action by maximiZing the
particle-particle and particle-Wall collisions. Preferably, the
solid/gas mass ratio in the inlet headers 24 leading to each
separator 10, 11 is about 1:1, but can vary from betWeen 10:1
and 1: 1000. HoWever, if the solid/gas mass ratio is too small,

Reference is noW made to FIG. 1 shoWing a particle

A separator 10 of the type illustrated may, for example, be
used in the separation and puri?cation of the mineral matter
or pyrite constituents from the carbon constituents in ?nely
ground coal; ash constituents from carbon in coal combus
tion ash; speci?c minerals obtained from ?ne-siZed mineral
mixtures; heavy metal or radioactive components Which are

5. The velocity of the particle mixture/gas How in each
header 24 is preferably at or greater than 10 m/s, but
velocities betWeen 1 and 50 m/s may also be employed. Of

preferred embodiment of the invention, an example of Which
is illustrated in the accompanying draWing.
DETAILED DESCRIPTION OF THE
INVENTION

deliver the entrained particle mixture How to the separators.
In the embodiment shoWn in FIG. 1, the distributor/
distribution manifold 12 cannot be seen, but it is in com

trating in particular a separation apparatus Where tWo
batteries, each comprised of a plurality of multistage
separators, are provided on either side of a single distribu
tion manifold.
Reference Will noW be made in detail to the present

in the art to enhance the tribocharging of the particles.
As perhaps best shoWn in FIGS. 4 and 5, Where a plurality
parallel, the distribution manifold 12 includes a plurality of

manifold for recovering the remaining species of particles
exiting from the last-in-line stages; and

turbulent to induce particle-particle and particle-Wall
contact, With the Reynolds Number, Re, greater than 2300
(Where Re=D~V/v, Where D=the characteristic dimension of
the feeder line 20, V=the ?uid ?oW velocity, and v=the
kinetic viscosity of the ?uid). The feeder line 20 may also be

With reference to FIGS. 2a and 2b, the construction of a

apparatus A and separators 10 are used for separating dry

?rst stage 28 of the electrostatic separator 10 is illustrated in
detail. From the header 24, the particle mixture ?oWs in a
turbulent fashion doWnWardly through the inlet 26 toWard a

particles in contrast to Wet particles or Wet separation

separation chamber that performs the electrostatic particle

45

systems in Which Water or some other liquid With or Without

Water is used to effect particle separation.
As shoWn in FIG. 1, the particle separation system S
includes a holding tank 14 for receiving a particle mixture

50

separation. A center partition 32 extends from the loWer
portion of the inlet 26 and through the entire separation stage
28, Which is preferably rectangular in cross-section. This
partition 32 divides the inlet 26 into ?rst and second chan

comprising tWo species of particles (A and B). The particle
mixture (A+B) is delivered by gravity from the holding tank

nels 26a, 26b, preferably having identical cross-sectional
con?gurations and dimensions. More speci?cally, the

14 to a feeder 16, Which in turn supplies metered quantities
of the particle mixture through an air lock 18 to a feeder line

55 dimensions of each channel 26a, 26b are as small as 0.20

20. In the feeder line 20, the particle mixture encounters and
is entrained in a driving ?uid, such as ambient air, to create
a particle mixture ?oW. In the preferred embodiment, the
driving ?uid is supplied by a driving ?uid source, such as a
forced draft fan 22, positioned at the upstream end of the
feeder line 20. The ?uid or gas is preferably ambient air, but
other gases such as nitrogen, helium, argon, carbon dioxide,

Width is variable from approximately 0.2—2.0 inches (0.5—5
cm), While the depth may be varied from approximately
2—84 inches (5—210 cm). Using the smallest dimensions, a

inch (0.51 cm) in Width by 2 inches (5 cm) in depth. The

60

individual separation stage may be increased by increasing
the depth. The length of the channel is preferably betWeen

or combustion ?ue gas can be used at temperatures betWeen

approximately 25° C. to 300° C.
The feeder line 20 supplies the particle mixture How to the
distributor line, such as Where only one or a pair of parallel

particle mixture feed rate as great as 25 lb/hr (approximately
12.5 kg/hr) is possible. Of course, the feed rate of each

65

4—10 inches (approximately 10—25 centimeters). Using these
optimum dimensions, the theoretical feed rate/cross
sectional area for each stage is approximately 3600 lb/hr-ft2
(~17,600 kg/hr~m2), Which is believed to be greater than any
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other pneumatic transport, ?ne particle bene?ciation system
commercially available or presently under development.

tion. For example, With a How velocity of 10 m/s and an
electric ?eld Zone length of 7.5 cm, the time available to
extract a particle is about 7.5 ms. This time period implies
that a particle entering the electric ?eld Zone Would be
required to have imparted on it an instantaneous horiZontal

The reason for the high feed rate/cross-sectional area is the

relatively high velocity (>10 m/s) of the particle mixture as
it passes through the stage 28 and the small Width of each
channel 26a, 26b.
As the particle mixture ?oW passes from the inlet header
24 through the inlet 26, the center partition 32 serves to
divide it into tWo distinct streams. As should be appreciated,

velocity toWard the outer conductor plates 36a, 36b of nearly
1 m/s to move from the Wall to the collector if the Width of

each subchamber 30a, 30b is 0.25 inch (0.635 cm), While if
the subchamber Was ~0.5 inch (1.27 cm), the corresponding
horiZontal velocity Would be required to be about 2 m/s.

the individual streams of particle mixture How are still in a

turbulent regime at this point. To remove this turbulence, the
channels 26a, 26b are at least 4 inches long and relatively
narroW to ensure that the particle mixture How has an

opportunity to straighten and smooth such that any large
scale turbulence created during tribocharging is eliminated.

Alternatively, a plurality of How straighteners (not shoWn)

15

In accordance With an important aspect of the invention,
the ?rst separation stage 28 also includes a ?rst pair of
curtain gas inlets 38a, 38b for supplying separate curtain gas
?oWs to each separation subchamber 30a, 30b. FloW
straighteners 40 positioned doWnstream from the curtain gas
inlets 38a, 38b serve to reduce any turbulence and form a

may optionally be positioned parallel to the axis of How in

smooth curtain gas ?oW that is parallel to the straightened

both channels 26a, 26b to ensure that a straight smooth

particle mixture ?oW upon entering the separation subcham
bers 30a, 30b. Preferably, the How straighteners 40 take the

particle mixture How is created. The How straighteners may

form of a plurality of narroW tubes having aspect ratios, i.e.,
the ratio of length to diameter, of greater than 20:1.
As the tWo previously separate particle mixture ?oWs and
curtain gas ?oWs enter the respective separation subcham

be of any type knoWn in the art, such as a grid or
honeycomb-like structure or any other knoWn device that
can be used to straighten ?uid ?oW.

As noted above, to provide the desired electrostatic sepa
ration of particles having a selected charge from the mixture,
a separation chamber is provided doWnstream of the inlet 26

25

and channels 26a, 26b. The center partition 32 serves to
divide the separation chamber into tWo distinct subchambers
30a, 30b, each having a uniform electric ?eld Zone. This
electric ?eld serves to draW the selected charged particles
from the smooth and straight ?oWing particle mixture as it
enters the respective subchamber 30a, 30b from the chan

nels 26a, 26b. In the preferred embodiment, each uniform
electric ?eld is created by a conductor plate 35 positioned on
or forming a portion of the center partition 30 and parallel
conductor plates 36a, 36b attached to or forming a portion

bers 30a, 30b, preferably in the same horiZontal plane, they
remain parallel by virtue of the smooth, straightened ?oW
patterns created just upstream in the inlets 26a, 26b and 38a,
38b. Moreover, if the ratio of gas ?oW rates, , Where

=(particle ?oW rate/curtain air ?oW rate), are Widely
dissimilar, i.e. <0.5 or >3, the How rate vectors at the

leading edge of the electric ?eld Zone Would be grossly
mismatched. This mismatch can lead to turbulent mixing of

35

of the side Walls of the subchambers 30a, 30b. The conduc
tors 35, 36a, 36b are connected to the opposite leads of a

the particulate in the separation subchambers 30a, 30b.
Hence, it is preferable to constrain to the folloWing values:
0.5; 23.0. To achieve this condition, the velocity of the
curtain gas is preferably matched to that of the particle
mixture ?oW by using metering valves 39a, 39b or the like,
such as is shoWn in the curtain gas inlets 38a, 38b in FIG.

high voltage (0—50,000 volt). loW current (0—2 mA) voltage

2a. By doing so, any tendency of the ?oWs to intermix in the

source (not shoWn). Optionally, the voltage source may be
variable to adjust the magnitude of the voltage.
Depending on the polarity and strength of the charge
supplied to the parallel conductor plates 35 and 36a, 36b, the
particles having an opposite charge Will be draWn from the
particle mixture by the electric ?eld created. In the illus

separation subchambers 30a, 30b is minimiZed, Which
advantageously reduces turbulence and improves separation

trated embodiment, for example, the charge on the center
conductor 35 may be positive and the plates 36a, 36b

ef?ciency. As a result of the tWo ?oWs remaining discrete,

the selected charged particles in the separation subchambers

45

negative. Thus, particles having a positive charge are draWn
toWard the conductor plates 36a, 36b upon entering the
separation subchambers 30a, 30b, While the oppositely

30a, 30b are freely draWn from the particle mixture toWard
the outer conductor plates 36a, 36b and become entrained in
the smooth curtain gas ?oW provided along the side Walls of
the separation subchambers 30a, 30b. This curtain gas How
then moves straight toWard a ?rst pair of collectors 48a, 48b,

Where the separated particles draWn toWard the plates 36a,
36b are temporarily collected prior to recovery.
As best shoWn in FIGS. 2b and 3, for a multistage
separator, a pair of outer partitions 50 de?ne both the inlets
of the ?rst collectors 48a, 48b and a pair of transition outlets
52a, 52b that are divided by the center partition 32. These

charged particles are draWn toWard and remain near the

center partition 32. This separation of particles ensures that
the selected charged particles can be removed in an ef?cient
manner, as described further beloW. Preferably, the length of
the electric ?eld Zone is betWeen 1—9 inches (approximately

transition outlets 52a, 52b receive the remaining particle

2.5—23 centimeters), but can be varied as necessary to 55 ?oW exiting from each ?rst separation subchamber 30a, 30b
remove a desired amount of the selected charged particles.
and transition it to the next-in-line, or second, separation
stage 58, Which may be identical in construction to the ?rst
As should be appreciated, if the time a particle of com

separation stage 28. As should be appreciated, although the

ponent A spends Within the electric ?eld Zone of each stage
is too small relative to the time required for that particle to
traverse horiZontally across the separation subchamber, it

?rst separation stage 28 may remove all or a substantial

amount of the selected particles depending on the siZe of the

electric ?eld Zone, the types of particles, the charges, and
other factors, it is likely that the remaining particle mixture
Will include tWo constituent particle species, thus requiring

Will be transported through the ?rst separation stage 28 and
not removed. Because the time a particle resides Within the
electric ?eld Zone or betWeen the high voltage conductors is
dependent primarily on the length of the Zone and the How

velocity of the particles through the Zone, it should also be
appreciated that the How velocity and the extraction Zone
length and Width can be altered to optimiZe product extrac

further separation to recover a substantially pure product.
65

As shoWn in FIG. 3, the second separation stage 58 is
identical in construction and operation to the ?rst separation
stage 28. More speci?cally, the second stage 58 includes a
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second inlet 60 that is divided into channels 60a, 60b by the

particle mixture and only 10% of component A Would
remain in
exiting the third stage. Of course, through
experimentation, it is possible to easily determine the

center partition 32. Both channels 60a, 60b are narrow and

relatively long (e.g., 4 inches) to ensure that the How

amount of one component A removed by each stage.
A third outlet 96 is also provided, Which in the illustrated

remains substantially parallel to a vertical centerline axis of
the second inlet 60, Which removes any large scale turbu
lence created upstream of or in the transition outlets 52a,
52b.

embodiment supplies the remaining particle mixture exiting
the third separation stage 78 to an outlet line 97 for recovery.
The upper end of the outlet 96 includes outer partitions 96a,
96b that de?ne the outlet to the collectors 94a, 94b. The

Upon exiting the channels 60a, 60b, the remaining par
ticle ?oW enters a second separation chamber including ?rst
and second subchambers 66a, 66b each having a second
electric ?eld Zone. As With the ?rst separation stage 28, the

10

second electric ?eld Zones are de?ned by a center conductor

68 positioned on or forming a part a second center partition

69 and parallel plates 70a, 70b positioned on or forming a
part of the sideWalls of the subchambers 66a, 66b. Asecond
pair of curtain gas inlets 72a, 72b supply curtain gas ?oWs
to the subchambers 66a, 66b, Which entrain and carry the

and the second of Which is carried aWay in the fourth
collection manifold 98.
15

selected charged particles removed in each subchamber 66a,
66b to a pair of second collectors 74a, 74b for recovery. As
in the ?rst stage 28, the curtain gas inlets 72a, 72b also
include How straighteners 73 to eliminate turbulence. First
and second collectors 74a, 74b are provided adjacent to the

partition 75 (Which is the inlet of the next-in-line stage)
de?ning the transition outlets 76a, 76b to deliver the col
lected particles to a second collection manifold 77 that is
identical to the ?rst collection manifold 49 for recovery.

outlet line 97 of each separator 10 is in turn connected to a

fourth collection manifold 98. Thus, the particle mixture is
separated into the distinct species, one of Which is carried
aWay in the ?rst, second and third manifolds 49, 77 and 95

25

As should be appreciated from vieWing FIGS. 2b and 2c,
each rectangular box de?ning the next-in-line separation
stage, such as 58, is connected to the upstream separation
stage, such as 28. The center partitions of the second and
subsequent stages include a notch 69a at the upper end (see
FIG. 2c) that corresponds to a protrusion on the loWermost
portion of the center partition of the prior stage, such as
partition 32. This alloWs for modular construction so that
separation stages 28, 58, 78 can be easily removed or added
as necessary depending upon the particular application.
Thus, it is possible to physically remove any unneeded
stages, or alternatively to turn off the poWer supply and
hence the electric ?eld or close off the outlet at the terminal

It should be appreciated that each electrostatic separator
10 in the apparatus A may include three or more individual

end of each stage. Moreover, by alternating the polarity of

separation stages arranged serially depending on the types of
particles being separated, the How rate, the charges on the

the electric ?eld in each stage, it is possible to collect
product A in a ?rst stage and product B in a second stage,
With each product being delivered to separate collection

particles, and other parameters. Thus, as illustrated in FIGS.
1 and 3, a third separation stage 78 similar in operation to
those described above may folloW the second separation

devices for recovery. It is also possible to use a separator

having a single separation stage, With the output particle

stage 58 for receiving the remaining particle ?oW.
Speci?cally, the third separation stage 78 includes a third
inlet 80 divided into dual channels 80a, 80b by a third center

35

partition 81. Upon exiting the channels 80a, 80b, the dual

receive the selected charged particles recovered by each
separation stage 28, 58, 78 and deliver these particles

streams of particle ?oW enter the respective third separation
chamber 84 including ?rst and second subchambers 84a,

through a common transition line 99 to a ?rst collection

84b each having an electric ?eld Zone created by a third
conductor plate 86 attached to or forming a part of the center
partition 32 and outer conduct plates 88a, 88b attached to or
forming a part of the outer Walls of the subchambers 84a,

84b. A third pair of curtain gas inlets 90a, 90b both having
?oW straighteners 92 supply the curtain gas for recovering

?oW exiting the outlet of the single stage being recycled to
the inlet for further processing.
As best understood by vieWing FIGS. 1 and 4 together, the
?rst, second and third collection manifolds 49, 77 and 95

device, such a ?rst cyclone separator 100 or similar appa

ratus (e. g., a bag ?lter or the like), for removing the particles
from the How of the driving ?uid. The substantially pure

species of particles is then discharged from the cyclone
45

the selected charged particles. Collectors 94a, 94b having

separator 100 to a holding drum 102 or the like, ready for
use.

inlets receive the selected charged particles entrained in the

To recover the particle species discharged by the outlet 96

curtain gas. A third collection manifold 95 that is identical
in construction to the ?rst collection manifold 49 receives

in the last-in-line separation stage, such as the third sepa
ration stage 78 in the illustrated embodiment, a second
transition line 101 receives the particles from the fourth

the particles from the collectors 94a, 94b.
When multiple, in-series stages are used, it should be
appreciated that each stage may simply remove a portion of
the selected charged particles from the particle mixture, and

collection manifold 98 and delivers it to a second collection
device, such as a second cyclone separator 104 or similar

apparatus. The substantially pure particle species separated

that this portion can be used to determine the overall amount

of selected charged particles remaining after the particle
mixture passes through multiple stages. More speci?cally, if

55

use.

To assist in draWing the particle ?oW through the system

each stage removes approximately y % of the mass, m, of

S, an induction source, such as an induced draft fan 108, is

one component, A, of the particle mixture, A+B, the appli

provided most preferably doWnstream of the cyclone sepa
rators 100, 104. In the preferred embodiment, the induced

cation of x stages Will in theory produce a puri?ed compo
nent in the outlet of each stage having less of component A
by the amount x~y~m(A). Therefore, the mass of the product
exiting the outlet of each stage, m(AB), can be expressed as
folloWs:

draft fan 108 is connected to a T-shaped induction tube 110
in simultaneous ?uid communication With the ?rst and

second cyclone separators 100, 104. Thus, the forced draft
fan 22, induced draft fan 110 and positive pressure curtain
65

For example, if y=30%, after three (x=3) stages, approxi
mately 90% of components A Would be removed from the

from the driving ?uid in the cyclone separator 104 is then
discharged to a holding drum 106 or the like, also ready for

gas inlets 38a, 38b, 72a, 72b, and 90a, 90b operate in
concert to insure that particles are ef?ciently moved through
the apparatus.
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As referenced at the beginning of the above description,
FIG. 4 illustrates a particle separation apparatus A com

as determined by the appended claims When interpreted in
accordance With the breadth to Which they are fairly, legally
and equitably entitled.

prised of a plurality of multistage separators 10a . . . 10n

arranged in parallel. In this apparatus A, each separator 10a
. . . 1011 includes an inlet header 24a . . . 2411 for receiving

What is claimed is:
1. A modular stage for use in a single or multistage

the particle mixture from the distribution manifold 12. Each

separator for separating electrostatically charged particles

separator 10a . . . 1011 includes ?rst, second, and third stages

from a particle mixture ?oW entrained in a dry driving ?uid,

28a . . . 28n, 58a . . . 5811, and 78a . . . 78n preferably

comprising:

constructed as described above. Collectors 48a, 48b, 74a,
74b, and 94a, 94b recover the product entrained and carried

a particle mixture ?oW inlet;
10

aWay by the curtain gas in each separation stage 28a . . . 28n,

inlet and dividing said particle mixture ?oW into at least

58a . . . 5811, and 78a . . . 7811 of each separator 10a . . . 1011

tWo streams;

and deliver it to ?rst, second and third manifolds 49, 77, and
95 for recovery. As should be appreciated from vieWing FIG.
4, in each parallel series of separators 10a . . . 1011 the second 15

of the pair of in-line collectors 48b of the ?rst stage 28a

a separation chamber divided by said center partition into
?rst and second separation subchambers each having an
electric ?eld Zone for draWing selected charged par
ticles from a corresponding one of the at least tWo

serves as the ?rst collector 48a for the next-in-line parallel

streams;

separation stage 28b, and so on With the last-in line separator
1011 having a single collector 48b. Likewise, the second

a curtain gas inlet for supplying a curtain gas How to each

of said subchambers for entraining and carrying aWay

curtain gas inlet 38b serves as the ?rst curtain gas inlet 38a

the selected charged particles draWn from one of the at
least tWo streams; and
a collector associated With each of said subchambers for

for the adjacent parallel separation stage 28b, and so on as
shoWn in FIG. 4.

Furthermore, it should be appreciated from vieWing FIG.

recovering the selected charged particles entrained in

5 that tWo batteries of a plurality of parallel separators 10a
. . . 1011, Ha . . . lln can be provided on both sides of the

a center partition de?ning at least tWo channels in said

25

said curtain gas ?oW.

2. The modular separation stage according to claim 1,

distribution manifold 12, such that the degree of simulta
neous separation may be increased even further. Of course,

Wherein each said curtain gas inlet includes ?oW

although tWo parallel batteries of eight separators 10a . . .
1011, Ha . . . lln are illustrated, it should be appreciated that

scale turbulence from said curtain gas ?oWs upon entering

straighteners, Whereby said How straighteners remove large
said separation subchambers.
3. The modular separation stage according to claim 2,

this number may be increased or decreased Without depart

ing from the principles of the present invention.

Wherein said channels in said particle mixture ?oW inlet and
said curtain gas inlets are substantially parallel.

In summary, numerous bene?ts may be realiZed by

employing the concepts of the presently proposed electro
static separation system S, including an improved electro
static separation apparatus A comprised of one or more

4. The modular separation stage according to claim 3,
35

inlets terminate in a common horiZontal plane upstream of

separators 10 having at least one, and preferably three,

said ?rst and second separation subchambers, Whereby any

separation stages 28, 58, 78 for separating tWo species of

tendency of the particle mixture and curtain gas ?oWs to
intermix is reduced.

particles from a particle mixture. Each separation stage, such
as stage 28, is capable of processing a greater amount of the
particle mixture per unit of time than heretofore possible

because of: (1) the higher feed rate of the particle mixture
?oW; (2) the greater horiZontal cross-sectional area of the
separation chambers; and (3) the use of multiple stages in
series, Which alloW each stage to merely “skim” a portion of
the selected charged particles from the mixture. Successive
skimming by each stage results in the recovery of tWo

Wherein said particle mixture ?oW inlet and said curtain gas

5. The modular separation stage according to claim 3,

45

Wherein said curtain gas inlets further include metering
valves to permit a How velocity of the curtain gas to be
selectively adjusted to match a How velocity of the particle
mixture ?oW, Whereby said matched velocities of said cur
tain gas ?oWs and said particle mixture ?oWs reduce any
tendency to intermix.

substantially pure particle species. Operational ef?ciency is

6. The modular separation stage according to claim 1,

also enhanced by using a single distribution manifold 12 to

Wherein said center partition includes a center conductor and
said ?rst subchamber is provided With a ?rst conductor
parallel to said center conductor for creating a ?rst of said
electric ?eld Zones and said second subchamber is provided
With a second conductor parallel to said center conductor for
creating a second of said electric ?eld Zones.

supply the particle mixture to a plurality of separators 10a .
. . 10n arranged in a parallel fashion Which are thus able to

complete simultaneous processing of a large amount of the
particle mixture (see FIG. 4). Further enhancements are

possible by providing tWo batteries of multistage separators

7. The modular separation stage according to claim 1,

10a . . . 1011, Ha . . . lln (see FIG. 5).

The foregoing description of a preferred embodiment of
the electrostatic separator 10, apparatus A, and system S of
the present invention has been presented for purposes of
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illustration and description. It is not intended to be exhaus
tive or to limit the invention to the precise form disclosed.
Obvious modi?cations or variations are possible in light of
the above teachings. The embodiment Was chosen and

described to provide the best illustration of the principles of
the invention and its practical application to thereby enable
one of ordinary skill in the art to utiliZe the invention in

Wherein said center partition includes a loWer portion that is
provided With a projection that corresponds in shape to a
notch formed in the upper portion of a second center

partition of a next-in-line separation stage.
8. The modular separation stage according to claim 7,
Wherein said notch is V-shaped.

9. An apparatus for separating electrostatically charged
particles from a particle mixture ?oW, comprising:
a distributor manifold having at least one discharge port;
at least one multistage separator including a ?rst modular

various embodiments and With various modi?cations as are 65

separation stage having a ?rst particle mixture ?oW

suited to the particular use contemplated. All such modi?

inlet for receiving a particle mixture ?oW from said
discharge port, a ?rst center partition de?ning a ?rst

cations and variations are Within the scope of the invention
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15. The electrostatic separation apparatus according to
claim 9, Wherein said second separation stage includes a
second center partition having a notched upper portion that

pair of channels in said ?rst inlet for dividing said
particle mixture ?oW into at least tWo streams, a ?rst

separation chamber divided by said center partition into
a ?rst pair of separation subchambers receiving one of

corresponds to a loWer portion of the ?rst center partition of
said ?rst stage, Whereby the notch of said second center
partition inter?ts With said ?rst center partition to intercon
nect said ?rst and second modular separation stages.

said at least tWo streams and having an electric ?eld

Zone for draWing selected charged particles therefrom,
a ?rst curtain gas inlet for supplying a curtain gas How

to each of said subchambers for entraining and carrying
aWay the selected charged particles draWn from said
particle mixture ?oW, a ?rst collector associated With
each of said subchambers for recovering the selected
charged particles in said curtain gas ?oW, and a ?rst
outlet for discharging a remaining particle ?oW stream
associated With each subchamber;
said multistage separator further including a second
modular separation stage in series With said ?rst sepa

16. The electrostatic separation apparatus according to
claim 13, Wherein the second and third separation stages
10

How of a curtain gas for entraining and carrying aWay the

selected charged particles draWn from the remaining particle
15

ing selected electrostatically charged particles from a par
a feeder for supplying the particle mixture;
a pressuriZed driving ?uid source for supplying a driving
?uid to entrain the particle mixture supplied by said

streams from said ?rst outlet of said ?rst separation

stage.
10. The electrostatic separation apparatus according to
claim 9, Wherein each said ?rst curtain gas inlet includes

feeder;

25

a distributor for receiving the entrained particle mixture
from the feeder, said distributor including a plurality of
distribution ports;

a separation apparatus including a plurality of parallel
separators each connected to one of said plurality of
distribution ports, each of said separators including one
or more modular separation stages in series, each of

a second center partition;

a second particle ?oW inlet divided by said second center
partition into a second pair of channels for receiving the
remaining particle ?oW streams from said ?rst and
second subchambers of said ?rst stage;
a ?rst separation chamber divided by said second center

partition into a second pair of separation subchambers
each receiving the remaining particle ?oW streams from
said second pair of channels and having second electric
?eld Zones for draWing any remaining selected charged
particles therefrom, a second curtain gas inlet for

?oW stream in each respective stage.
17. Aparticle separation system for separating and remov

ticle mixture, comprising:

ration stage for receiving the remaining particle ?oW

?oW straighteners, Whereby said How straighteners remove
large scale turbulence from said curtain gas ?oWs prior to
entering said ?rst pair of separation subchambers.
11. The electrostatic separation apparatus according to
claim 9, Wherein said second separation stage includes:

each includes at least one curtain gas inlet for receiving a

said stages including one or more collectors for recov

ering a species of selected charged particles separated
from said particle mixture during each stage and an
outlet for discharging a remaining particle ?ow to a

subsequent stage for further processing;
35

a ?rst collection device for receiving the species of
selected charged particles from the one or more col

lectors for each separation stage;

supplying a curtain gas How to each of said second pair

a second collection device for receiving a particle ?oW

of subchambers for entraining and carrying aWay the

remaining after substantially all of said selected

selected charged particles draWn from the remaining

charged particles are removed by said one or more

particle ?oW streams, a second collector associated
With each of said second pair of subchambers for

separation stages; and
an induction source in ?uid communication With said ?rst

recovering the selected charged particles entrained in
said curtain gas ?oW, and a second outlet for a second 45

remaining particle ?oW stream associated With each of
said second pair of subchambers.
12. The electrostatic separation apparatus according to
claim 11, Wherein each said second curtain gas inlet includes
?oW straighteners, Whereby said How straighteners remove
large scale turbulence from said curtain gas ?oWs prior to

Wherein a pair of collectors are provided at each separation
stage, and one of said pair of collectors is the same for an

adjacent pair of parallel separation stages.
19. The particle separation system according to claim 17,
further including a curtain gas source, and Wherein each
separation stage includes at least one curtain gas inlet for
receiving a How of curtain gas from the curtain gas source

entering said second pair of separation subchambers.
13. The electrostatic separation apparatus according to
claim 9, Wherein said at least one separator further includes
a third separation stage doWnstream of said second separa

tion stage.
14. The electrostatic separation apparatus according to
claim 13, Wherein said third separation stage includes an
outlet for discharging a third remaining particle How to a
collection device for recovery.

and second collection devices for draWing the driving
?uid through the apparatus.
18. The particle separation system according to claim 17,

for entraining and carrying the species of selected charged
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particles to the collector for that stage.

20. The particle separation system according to claim 17,
Wherein a pair of collectors is associated With each separa

tion stage.

